simulations are an often applied and promising form of CAL. A main characteristic of computer simulations is that the domain knowledge is represented in a model. This model contains all necessary information to calculate the behaviour of the simulation in terms of variables and parameters and a set of rules or constrainfs which determine the changes to the values of the variables. In order to increase the learning effects of computer simulations additional support and guidance should be offered to the learner. This means that simulations should be embedded into a supportive environment, which we will call an Intelligent Simulation Learning Environment (ISLE). One of the basic components of the ISLE should be a formalised representation of the domain. In this paper the structure of this domain representation and its authoring will be discussed. It is argued that the simulation model is a necessary but certainly not sufficient source of information for building a domain representation for an ISLE. Besides a behavioural description as given by the simulation model (the term runnable model will be used) also a cognitive description of the domain is needed. This cognitiw model forms the basis for a number of functions to be performed in an ISLE, like diagnosis, instruction and support. The current paper presents a framework which can be used to formalise the cognitive model. In particular the component of the cognitive model which contains a conceptual representation of the domain, the conceptual model will be discussed. An important element of the framework presented is a relation fypology which describes the interrelationships between relations that are used for the construction of a cognitive model. This typology will be an important knowledge source for an ISLE and can support the author with constructing the conceptual model.
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INTRODUCTION
Computer simulations are a promising application of Computer Assisted Learning because they enable exploratory learning. However, research has shown that this type of learning needs additional support for the learner to control and/or support the specific exploratory learning processes that are needed for successful learning. Therefore a supportive and adaptive environment should be built around a computer simulation [l] . A simulation embedded in such an instructional environment will be termed an Intelligent Simulation Learning Environment (ISLE). The supportive environment can provide the student with additional instruction and learner tools for supporting simulation specific learning processes. To establish these facilities in a flexible and adaptive way the environment will maintain a learner model, containing information about certain attributes of the learner and about the current learner knowledge state. To enable all these functions the ISLE will need a formalised representation of the domain. This leads to a natural separation of the ISLE into four different modules: the domain representation, a learner model, an instructional strategy module and a learner interface module [2, 3] .
The aim of the current paper is the construction of a framework for domain representation for ISLES as a basis for all domain related functionality of the ISLE. It will appear that the presence of a simulation model (we will use the term runnable model) has implications for the structure of the complete representation of the domain [4] . Therefore, the framework should take into account the simulation-specific characteristics of ISLES (it should not be a generic framework for use for all possible types of intelligent tutoring systems).
The design of this framework is quite an ambitious task, therefore we do not claim to present an ultimate framework which is capable of describing all simulation related domains, our work is still under progress. The present paper is to be considered as a first step in the direction of a complete domain representation framework. We do believe that the proposed basic structures allow for a powerful extension towards such a complete domain description framework. We will present our framework in a semi-formal form. Of course a truly formalised domain representation will be needed when our framework is to be included in an actual ISLE. However, the current status of research has not reached the state of actual implementation.
Moreover the semi-formal approach used in the current paper allows for offering a conceptual view on the domain representation framework.
KNOWLEDGE RELATED TO COMPUTER SIMULATIONS
The first function of a domain representation for a simulation learning environment is to provide information for enabling the simulation of the real system which is the subject of instruction. and not the runnable model, will be the main source of domain related information within the learning environment. This is true because the interaction of learners with the 1SLE will be of a complex nature and will require monitoring and reasoning at a high conceptual level, a level which will not be supported by the runnable model. The different ISLE tasks that the domain representation should enable are the following:
Reasoning about the domain. Any intelligent learning environment should be able to model a domain expert. This functionality is needed in order to allow the environment to derive new relations about the domain when needed and, specifically for simulations, to draw conclusions from events in the runnable model.
Providing alternative conceptualisations of the domain. Often, in simulation-based learning, there can be several views on the same domain. Looking at a domain from different viewpoints can be useful in obtaining a complete conceptual representation of a domain. Also different views may be used to introduce different levels of complexity. One may start with a view which is in fact a simplification of the domain and move via one or more steps to a view which contains all important concepts of a domain. This would be a form of progressive implementation, which is a certain instructional strategy. White and Frederiksen[8, 9] have implemented a learning environment in which this strategy is used.
Giving In general it will not be possible to vary all parameters and variables at the same time. Which variables can be varied depends on the role the learner plays at a certain moment. In van Joolingen and de Jong[4] the concept of scenario has been introduced as being the description of the possible interaction that can take place at certain moments. This scenario should be part of the domain representation.
The conceptual layer enabling all these functions will be called the cognitive model. It will include possibly overlapping submodels, each dedicated to one of the domain related functions mentioned above. The cognitive model as a whole will provide an expert teacher's view on the domain. The remainder of this paper will investigate the properties of these submodels, and of one of these in particular.
FORMALISATION OF DOMAIN KNOWLEDGE

Why formalisation?
Formalisation of knowledge is to describe that knowledge in a way leaving no room for interpretation.
A formal description of some piece of knowledge should be done in a language with well-defined syntax and semantics. An example of such a formal language is predicate logic. Also a programming language is a formal language in this sense. It is clear that eventually, when an ISLE is actually implemented, its functionality must be described in such a formal language, together with the information that should be contained in the knowledge base which serves the ISLE, but also earlier in the design stage a formal description of ISLE related information is necessary to enable the final implementation in a consistent way. Devising such a formal language is a major effort, which has not been completed at the current state of development.
In this paper we will take the view on formalisation adopted by de Jong et al.[lO] , who strive at a semi-formal structural language for describing ISLE related information.
A model based approach
For the organisation of the knowledge base serving the ISLE, containing all relevant knowledge the ISLE needs, one may search for suitable decompositions of this knowledge base. For our purpose the knowledge base may be viewed as consisting of a set of, possibly overlapping models, for the domain, learner, instruction and learner interface, partly reflecting the traditional design of intelligent tutoring systems, using domain, learner, instruction and interface modules [2] . We add an extra flavour to this traditional design by showing the interdependencies between models and allowing overlap. This is illustrated in Fig. 1 Cross model communication is furnished by allowing the various models to use structures of other models as elements. Especially, structures of the conceptual and operational model will serve as elements in the learner. instructional and interface models. The model based approach described above will be reflected in the cognitive model. We can now define the cognitive model as consisting of those parts of the knowledge base models that contain domain-related elements, where notice should be taken that "elements" of the instructional, learner or interface models may be elements, relations or structures in the conceptual and operational models.
It will be clear that the conceptual and operational models will belong completely to the cognitive model, whereas the learner, instructional and interface model will partly belong to the cognitive model. For the part of the latter three models that are inside the cognitive model we will use new terms: the diagnosis model. the instruction model and the interaction model (see Fig. 2 ). These names instructional model Fig. 2 . The three domain-related (sub-Imodels in the ISLE knowledge base. This figure can be regarded to be a top-view of Fig. 1. reflect the functions the three domain related (sub-)models should enable: diagnosing the learner's domain knowledge, giving instruction about the domain and guiding the interaction with the model.
The remainder of this paper will concentrate on the structural description of the conceptual model as an example of the structures used in our framework. The basic elements, relations and structures of this model will be defined and examples of ISLE functionality that is related to the conceptual model will be presented. In the current paper the instruction, diagnosis and interaction models will not be treated systematically.
A more elaborate discussion of the complete cognitive model is provided in van Joolingen and de Jong[ 121. 4. THE CONCEPTUAL DOMAIN MODEL
Basic elements, relations and structures
In constructing a framework for a domain knowledge base for intelligent simulation learning environments, one should emphasise the nature of the simulation, reflected in the presence of a runnable model. This emphasis is necessary because of two reasons:
l The runnable model is a central source of information for both the student and the reasoning module in the ISLE. Therefore the structure of the domain representation should be such that fluent incorporation of the results of the simulation into the knowledge base is furnished, meaning that important aspects of the runnable model should be reflected in the conceptual model.
l For the author, developing a conceptual model, the structure of the runnable model itself is a source of knowledge. Consequently, the authoring process can be simplified by offering primitives that are similar to those that are used to define the runnable model.
On the basis of these two reasons a choice has been made for the primitives to use for the conceptual model description. Thereby, the runnable model is considered to be a collection or database of states, described by variables and parameters. State transition rules are the generators of this database, and need no further elaboration at the conceptual level. The conceptual model (cf. Norman [ 131) should give a description of the simulation model that emphasises the important features of the model, using only relevant information, while neglecting relatively insignificant model properties. The conceptual model will contain only the information to enable this kind of high level reasoning. This means that not all information contained in the runnable model will be represented at the conceptual level, which may restrict the scope of the conceptual level reasoning functions. On the other hand the conceptual model may introduce new concepts, not represented at the runnable level. These new concepts may be used to state new relations which are, in principle, derivable from the runnable model. Therefore these relations will be called implicit relations. In our conceptual modelling framework many of these implicit relations will be stated explicitly in the conceptual model, because deriving them may be very hard or impossible for the ISLE. However, many implicit relations may also be derived at run time, using a built-in reasoning mechanism.
In the conceptual model the domain characteristics will be expressed in a more natural way than in the runnable model. As a consequence a description at the conceptual level will also (together with a theory on learning with simulations)
give information on possible difficulties the student may have while learning the model. 4.1.1. Elements. The basic elements that will be used in the conceptual model framework are extensions of the basic elements of the runnable model: variables and parameters. In the conceptual model we will use the same names for the corresponding elements. When there is danger of confusion the term "conceptual variable" will be used, in contrast to "runnable variable". In the runnable model these elements just represent a value of some system characteristic, quantitatively or qualitatively.
The conceptual counterparts of the runnable variables and parameters extend this meaning, the conceptual variables add an interpretation to the runnable model, often in qualitative terms.
The characteristics of a variable or parameter are largely determined by the relations it has with other variables. Not only the value of a variable is of importance but especially the position it has in the relational network of variables.
A variable or parameter is characterised by a range of possible values, by the fact that it may be dependent on time, which is an important characteristic if the runnable model is dynamic. An important characteristic of variables is that they can exist in an hierarchical structure.
In the semi-formal conceptual model framework this is expressed by allowing i~~er~ta~ce between variables. A child variable does not only inherit the characteristics of its parent but also its position in the relational variable network. This enables the introduction of various levels of reasoning. Relations between variables high in the inheritance tree will be very global. but are representative for all lower variables, which in their turn enable more precise reasoning.
In a frame representation (see Brachman and Schmolze[l4] ), very much in the style of the data description language designed for KADS[IS] a variable can be represented by:
(y/n) initial value (value) 4.12 ~elutio~s. The variables and parameters are still quite useIess unless one can define relations between them. For our framework for conceptual modelling there was a need to extend the "traditional" relation concept (e.g. Cerri et al.
[lb]), because traditional relations are not suitable to express fuzzy knowledge like: "If A increases B also increases". Such a statement is not a relation between A and B but merely a statement about the relation between A and B without further specifying that relation. To cope with this kind of statements we introduce the concept of generic relation which defines a subset on the set of all relations that are possible between two variables. The subset contains all relations that satisfy a certain characteristic.
Stating that a generic relation "holds" between two variables is equivalent to specifying a property of the relation that holds.
Relations can be expressed using a similar frame representation as for variables. Generic relations allow the definition of a relation t~~u~~g~, a hierarchicaIly organised collection of relations and generic relations. The major reasons for introducing this typology are:
l An author creating a domain representation can be supported by the typology in finding the relations s/he needs for expressing domain knowledge. o The ISLE could use a relation typology to derive new domain relations from ones that are explicitly present in the conceptual model. This can be used for run-time reasoning about the domain.
We think of the relation typology as one of the most powerful elements of the conceptual modelling framework.
4.1.3. Structures. The relations and generic relations that are introduced in the previous section are still quite general For example they are not typed, they can describe reiationships between any kind of variable as long as the range of the variables is suitable. There is a need to combine the variables and relationships into structures. modeis, as we will call them. A simple model is a collection of variables, parameters and definitions of (generic) relations between them. A model is a representation of a chunk of domain knowledge. It represents the characteristic of a physical or logical subsystem in the form of (generic) relations between variables. In that sense a model is a kind of inference rule or set of inference rules: it can be used to generate knowledge about variables on the basis of knowledge about other ones.
An important characteristic of the model structures is that they can be combined into compound mod&, which have all "outside" characteristics of a simple model. This means that they can be combined into even larger knowledge structures. This implies that the complete domain representation will have a granular structure, it will consist of a collection of interconnected models, each again decomposable into smaller units until the level of simple models has been reached. In Fig. 3 the structure of the conceptual model framework is summarised.
In this figure the main elements and features are drawn: the variable hierarchy, the relation typology, the model structure 
Functionality derived from the conceptual model
The conceptual model can only be useful when the ISLE is able to actually use the knowledge stored in it. This section will discuss a few examples of such related ISLE functionality.
A first function that can be directly based on the conceptual model is generating predictions of experimental results and, more important, motivating these predictions. This can be provided by using the relations in the model structures as inference rules. A prediction will describe all possible behaviours obtained from earlier experiments with the simulation. Furthermore the conceptual model framework can be used to derive new relations between variables on the basis of the relation typology. The relation typology will contain relations between relations (meta-relations) to make this possible. The new relations can be used to derive extra information about variables, or to reason about them at a different level, e.g. a qualitative level.
A last example is the matching of learner hypotheses against the conceptual model. One can formalise a hypothesis about the model as a statement that a certain (generic) relation holds between two variables[l7]. The hypothesis and the model match if the hypothesized relation can be derived from the conceptual model, the rules from the relation typology that have been used to derive the relation give extra information about the hypothesis, e.g. if it is more or less general than corresponding relations in the conceptual model. The information obtained from this matching can be incorporated in the learner model.
An example
We conclude this section by giving a small example. Suppose we want to model a physical system consisting of a number of particles. A runnable model which will be able to calculate the velocity and momentum and possibly the kinetic and potential energy of the particles can be defined for this system using the laws of physics.
On the conceptual level, new variables can be defined representing more abstract concepts used to reason about the simulation, e.g. a variable "energy". This variable can be used to express, say, the law of conservation of energy, using relations in the relation typology, meaning: the sum of the partial energies is a constant, when the system is closed. (The fact that a system is "closed" also needs to be expressed using variables and relations.) We may also create different types of energy, kinetic and potential energy, which will be subtypes of the energy variable. This is depicted in Fig. 4 .
The conceptual model contains rules for reasoning about the model, e.g. predicting the future energy of particles or subsytems. This reasoning should use the information generated by the runnable model. Therefore at least some of the variables need to be defined in terms of runnable model variables. Establishing the link between runnable and conceptual model is called instantiation. At which level this instantiation should take place is to be decided by the author of the domain representation. If the conceptual model should address properties of individual particles, these properties should be represented at the conceptual level. If the conceptual level reasoning only deals with more global concepts, there is only need for variables representing these, in one way or another defined in terms of runnable model variables. In the case of many particle systems this may even imply that the conceptual model only contains statistical relations between the newly defined variables, because not all deterministic information is used in the definition of these variables. In Fig. 4 the instantiation process is illustrated.
DISCUSSION
The framework for building a domain representation as described in this paper promises to be an effective way of describing knowledge related to computer simulations.
Until this moment there are no actual implementations of ISLES which use this framework, but as a theoretical object it can already show its value. For an experiment with a computer simulation about error analysis in chemistry.
we used the framework for the analysis of learner hypothesis and experimental plans [l7] .
All inferences about the model were done by hand, but it would be little effort to formalise the assessment scheme that was used and to implement it. Compared to traditional knowledge representation techniques it can be remarked that the framework offers some extras by introducing the relation typology and that it offers strong typing and classifications of variables. Both extras are introduced quite naturally and can support an author building a knowledge base and serve as a basis for intelligent reasoning about the domain.
An important feature of the presented framework is that it is decluratiue, meaning that the knowledge is stored independently from the context in which it is used. This implies that it can be used for several purposes. as indicated in Section 4.2.
The usefulness of the framework depends on possibilities to build interpreters for the proposed domain representation language. Since not even all aspects have been elaborated in a formal way it is too early to state that this will be possible. but the contemporary presence of qualitative simulation systems like QSIM [7,X] and the developments in the area of model based reasoning (e.g. [19] ), which employ techniques that could be applied in the proposed framework, make it comprehensible that such an interpreter can be built. At the moment we are working on a prototype of such an interpreter.
A final feature of the conceptual model is its granular structure. This structure can be extended to the complete knowledge base of the ISLE, also containing domain independent knowledge. This would reduce the complexity of the authoring task, which may become a process of selecting, from dedicated libraries, tailoring and combining the structures, also called basic building blocks, into a knowledge base which the ISLE can use for generating support and guidance for the learner [lO] .
